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The genus Oryza consists of 27 species with 11 genome types (AA, BB, CC, EE, FF and GG diploids, and 
BBCC, CCDD, HHJJ, HHKK and KKLL tetraploids) in the grass family and is adapted in the several 
ecological fields. It has diverged relatively recently from a common ancestor that existed ~ 15 million years 
ago. Two AA-genome Oryza species, O. sativa in Aisa and O. glaberrima in Africa, have been 
independently domesticated as rice. O. sativa, including two major subspecies japonica and indica, is one 
of world’s oldest and the staple food for half the world, which has been domesticated ~ 10,000 years ago. 
It was first cultivated in the Yangtze Valley of China at around this time, and in the Ganges in India 
beginning ~ 4,000 years ago. O. glaberrima has been domesticated ~ 3,000 years ago. Rice provides 21% 
of global human per capita energy and 15% of per capital protein. As the global population and rice 
consuming are increasing by an alarming rate, rice breeders urgently need rice varieties with higher yield 
and stability from ever-changing environment. It is estimated that we will have to produce 40% more rice 
in 2030 to meet increased demand. While rice blast disease, caused by Magnaporthe oryzae, is threatening 
the crops production as the most destructive disease concerning the rice crop in the world. To resist these 
pathogens infection, rice has developed resistance genes (R-gene) over the course of evolution, which could 
be explained by gene-for-gene theory. Most R-genes encode proteins with nucleotide-binding site and 
leucine-rich repeats (NBS–LRR) domains. Deployment of R-genes into commercial crops has been an 
effective strategy for achieving durable resistance in recent rice breeding programs. Both domesticated rice 
and wild rice species provided valuable genetic resources for identifying novel R-genes that can resist to 
rice blast disease. 
Pi54, an R-gene that contains NBS–LRR domains and confers broad-spectrum resistance against rice 
blast disease, was identified and cloned from the indica cv. Tetep, but the majority of japonica cultivars 
have lost its function. Previous studies performed allelic diversity and evolution of Pi54 gene analyses only 
using cultivated varieties originating from India, implying short DNA sequences than Pi54 locus that 
harbors a considerably larger DNA sequence than Pi54 gene and narrow categories of Oryza species. These 
brought up the questions that allelic diversity of the Pi54 locus between domesticated and wild rice species 
as well as origin and evolution of the Pi54 locus of genus Oryza with more categories remain elusive. In 
this study, to shed light on these questions, I explored the allelic diversity as well as the origin and evolution 
of the Pi54 locus using widely distributed Oryza species, including both domesticated cultivars (O. sativa 
ssp. japonica cv. Nipponbare and Sasanishiki) and wild rice species that belong to FF-, BB-, and AA-
genome. This study elucidated the allelic diversity and evolution of Pi54 locus with reasonable levels of 
confidence, and provided evolutionary insights into the generation of diversity and a potential genetic 
resource for breeding of the Pi54 gene in modern japonica cultivars. 
 
RESULTS 
Nowadays, Nipponbare is regarded as a reference for studying the genetics and biology of rice. 14 genes 
of the Pi54 locus according to the genome Os-Nipponbare-Reference-IRGSP-1.0 were studied and named 
as from #1 to #14. I performed 14 genes expression level analysis of the Pi54 locus of Sasanishiki and 
compared to that of Nipponbare. As a result, I found that Pi54 (#4) shows little expression in both cultivars, 
while genes #7 to #9, an R-gene cluster, are not expressed in Sasanishiki although they are expressed in 
Nipponbare. PCR amplifications of the 14 genes revealed that genes #5 to #10 were absent in Sasanishiki 
Pi54 locus. Thus, I sequenced the region from Pi54 to #12 of Sasanishiki and compared to Nipponbare and 
found that Pi54 and its homolog #11 are closely located in a 25 kbp region in Sasanishiki, but in a 99 kbp 
region in Nipponbare because an other R-gene cluster (#7 to #9) is inserted between Pi54 and #11 (Fig. 1). 
By developing specific PCR primer sets according to the two divergent structures of Pi54 locus, I identified 
both of the divergent Pi54 loci are widely distributed and spread in modern japonica cultivars. 
 
I further compared the two divergent structures of Pi54 of cultivars to wild rice species, including six 
AA-, one BB-, and one FF-genome species. The comparative sequence analysis revealed that AA-genome 
species could be classified into either Nipponbare type (O. rufipogon and O. meridionalis) or Sasanishiki 
type (O. nivara, O. glumaepatula, O. barthii, and O. glaberrima). In the BB-genome species O. punctata, 
Pi54 and #11 are located closely and thus was of the Sasanishiki type. In the FF-genome species O. 
brachyantha (the basal lineage of Oryza), Pi54 is absent but #11 and the similar R-gene cluster is located 
on upstream of #11 of the Pi54 locus. The orientation of this R-gene cluster was reversed in comparison 
with Nipponbare-type species. Importantly, Pi54 alleles of Nipponbare-type species were shortened and 
turn into pseudogenes in comparison with Tetep. In contrast, Pi54 alleles of Sasanishiki-type species were 
conserved with Tetep. 
In addition, phylogenetic analysis of the homologous genes Pi54 and #11 suggested that the ancestral 
gene #11 was duplicated leading to the emergence of Pi54 before the divergence of FF and AA-BB genomes. 
It also indicated that Pi54 alleles of Sasanishiki type were divided into the same group as Tetep compared 
to Nipponbare type. Taken together, I deduced an evolutionary model of the divergent Pi54 loci and 
assumed the survival strategies of Oryza species harboring different Pi54 locus. Importantly, I came up 
with an approach to pyramid functional Pi54 into commercial crops and thus resist to blast disease. 
 
DISCUSSIONS 
Over the course of evolution, genomes of resistant plants have co-evolved with nucleotide polymorphisms, 
Fig. 1 Alignment of the divergent regions from Sasanishiki and Nipponbare (25,263,336–25,362,133 bp on chromosome 11. The 
alignment was produced in GenomeMatcher softerware (Ohtsubo et al. 2008). Arrows: red, NBS–LRR family-like genes; blue, 
miscellaneous genes; gray, presumed genes; green, translocated genes. 
new R-genes or copy number variations (CNVs) thereby increasing the durability of resistance. Recent 
studies have shown that the evolution of R-genes could be driven by coupled R-gene pairs, since most R-
genes are positionally clustered and sometimes requires the joint action of two side-by-side R-genes. This 
theory may reflect underlying mechanisms of tandem duplication and thus could explain the duplication of 
Pi54 and #11 in ancient Oryza species. In addition, it has been reported that the size of Pi54 family is 2.8 
± 1.1 genes per species in 13 Oryza species. Suggested that Pi54 family was apt to conserve between 
modern and ancestral Oryza species with a small and stable gene family size. Therefore, to increase the 
durability of resistance against pathogens that could be recognized by Pi54, host plants may evolve through 
nucleotide polymorphisms rather than CNVs. 
 Besides, genes #7 to #9 of Nipponbare are orphans that are often related with environmental 
stress responded. Thus, along with the different Pi54 genotypes, I assumed that survival strategy of Oryza 
species may vary based on the divergent structures of Pi54 locus. Sasanishiki-type species evolved with the 
functional Pi54 genotype at the cost of the loss of several R-genes (#7 to #9). In the Nipponbare-type 
species, Pi54 alleles became pseudogenes, and three R-genes (#7 to #9) accumulated in the adjacent region 
in compensation. For both type species, this situation could confer survival advantages under environmental 
pressures. 
 Eventually, in term of rice breeding program, I came up with a method for generating new 
cultivars with functional Pi54 by using CRISPR/Cas9. Pi54 alleles of Nipponbare-type species could be 
modified in specific position and thus could produce proteins that are highly similar to products of 
functional Pi54. The approach for rice breeding have more advantages than conventional rice breeding 
methods and it could combine the traits of Nipponbare type (an additional R-gene cluster) and Sasanishiki 




In this study, I found that Pi54, a broad-spectrum R-gene against blast disease, is divergent in rice species 
and cultivars and deduced an evolutionary model of the divergent Pi54 loci (Fig. 2). In the progenitor O. 
brachyantha, a tandem duplication of the ancestral #11 gene led to the emergence of Pi54. Gene #5 was 
also duplicated, leading to the emergence of #10, which was then inserted in inverted orientation 
downstream of #9. The genes surrounded by homologous genes #5 and #10 might have become a mobile 
unit. In the Nipponbare type, this unit was integrated between Pi54 and #11 in inverted orientation by “cut-
and-paste” and may result in a dysfunctional Pi54. In the Sasanishiki type, this unit was “cut-and-lost”, but 
Pi54 could gain of function. 
To sum up, the research of Pi54 locus in Nipponbare- and Sasanishiki-type species in this thesis helps 
rapidly and effectively pyramiding of functional Pi54 genotypes from not only domesticated cultivars but 
also wild rice species. This work expands our understanding of complex chromosome recombination, and 





Fig. 2 An evolutionary model of the two divergent structures of Pi54 locus. Dashed rectangle represents the mobile unit. 
 
論文審査結果の要旨 
 
イネいもち病は、世界各地の稲作現場において広くみられる主要な病害の1つで、カビ
一種であるイネいもち病菌の感染により生じ、大幅な減収とともに食味の著しい低下を招
き、古来から最も恐れられ、その対策がなされてきた。植物側は、いもち病菌のAvr 遣伝
子産物を認識し、自ら病害抵抗性反応を誘導するR遺伝子を進化させ、感染を抑える機構
を発達させるとともに、病原菌側はAvr遺伝子を変異させることで抵抗性反応を掻い潜る
仕組みを発達させ、従って、R遺伝子とAvr 遺伝子は共進化の関係にあるといえる。ま
た、生産現場では、有用なR遺伝子の新たな遺伝資源の探索とそれを従来の栽培品種に導
入する育種が取組まれてきた。イネR遺伝子の1つPi54遣伝子は、特定のインド型イネ品種
において見出された広範囲なイネいもち病菌に対して抵抗性を付与することが近年報告さ
れた。一方、日本型イネにおいて、Pi54遣伝子の活性を有する品種はほとんどなく、その
原因の解明とPi54遣伝子の進化については多くが不明であった。 
本研究において張琳女史は、日本型イネにおいてPi54遺伝子ならびにその周辺を含めた遺
伝子領域に、大きく異なる2つのタイプ日本晴型とササニシキ型が存在することを新たに
見出すとともに、これらの2つのタイプはイネの進化の過程において、少なくとも6百万年
前に遡ることを野生型イネのゲノム情報を利用した解析により明らかにした。さらに、
Pi54遺伝子は近接するR遺伝子の遺伝子重複によって進化したもので、その起源はFF ゲノ
ム型イネとAA-BBゲノム型イネの分岐時l千5百年前に遡ることを明らかにした。また、周
辺遣伝子に大規模な再編成が生じていること、日本型イネでは、いずれのタイプもPi54遺
伝子に複数の欠損変異が蓄積していることをDNA塩基配列の解析から特定することに成功
するとともに、これらタイプをPCR法により簡便に判別するためのプライマーセットの設計
にも成功し、新たなイネいもち病抵抗性品種の育種にも大きく貢献するものとなった。こ
れらの内容は、今後、同女史が自立して研究活動を行うに必要な高度の研究能力と学識を
有することを示している。したがって、張琳女史の提出論文 
は、博士（生命科学）の博士論文として合格と認める。 
 
